Block copolymer micellar templates were used for the controlled synthesis of large arrays of mono-metallic (Fe, Co, Ni, Mo) and bi-metallic (Fe-Mo) nanoparticles with average diameters ranging from 1 to 4 nm and the distance between the nanoparticles ranging from 40 to 45 nm. XPS data reveal the presence of mono-metallic nanoparticles in their oxidized states. These uniform arrays of nanoparticles serve as an excellent tool to investigate the catalytic effect of different metal/metal oxide nanoparticles for the growth of carbon nanotubes, and in this work, they were used to investigate the growth of single-walled carbon nanotubes with the chemical vapour deposition (CVD) process, using both ethanol and hydrocarbon (methane + ethylene) gases as carbon sources. The periodicity and the arrangement of nanoparticles were unaffected even at high growth temperatures, indicating that nanoparticle agglomeration on the Si substrate does not take place during growth. AFM and SEM results reveal uniform growth of nanotubes with diameters smaller than the initial size of the catalyst nanoparticles. The Fe, Co and Ni nanoparticles all serve as effective catalysts for nanotube growth with both types of carbon feed stock, and Co and Ni give rise to a relatively higher yield than Fe. The catalytic activity of Fe and bi-metallic Fe-Mo nanoparticles of similar size and identical densities using ethanol CVD are also compared.
Introduction
One-dimensional nanoscale materials such as carbon nanotubes (CNTs) [1] offer great promise as components for next generation computing devices [2, 3] , interconnect materials [4, 5] and for field emission displays [6, 7] due to their excellent physical properties, which are primarily dependent on their diameter and chirality [8, 9] . Furthermore, the diameter of the nanotube largely depends on the size of the metal catalyst nanoparticle, from which it is grown in a CVD process [10] . Thus, to achieve uniform physical properties for CNTs it is critical to have a narrow size distribution of the catalyst nanoparticles.
Commonly used methods for catalyst preparation include:
(1) depositing a thin metal film of 1-100 nm using physical vapour deposition, followed by heating these films to form clusters which are capable of catalysing nanotube growth [11, 12] ;
(2) spray coating or spin coating of soluble metal salt solutions such as nitrates or acetates on substrates [13] ; (3) mixing catalyst salt solutions with high surface area catalyst supports such as Al 2 O 3 or SiO 2 followed by a drying-up process to generate nanoparticles on the supports [14] ; (4) thermal decomposition of organo-metallic compounds such as iron pentacarbonyl, metallocenes [15, 16] ; (5) metal nanoparticles synthesized using colloidal methods [17] .
Although the first four methods are relatively simple, they neither offer any control over the size nor the spacing between the nanoparticles. In spite of significant progress in the synthesis of metal nanoparticles with uniform size distribution using colloidal methods, it is still a challenge to synthesize nanoparticles with narrow size distribution in the 1-5 nm size regime.
Over the past few years, synthesis of nanostructures using block copolymer templates has been actively investigated [18] [19] [20] . Block copolymers can be self-assembled to make structures with various geometries. A block copolymer consists of a chain of two chemically distinct immiscible monomers, which self-assemble into phase separated nanometre-sized domains. Block copolymer micelles could be used as nanoreactors for the synthesis of a wide variety of metal and metal oxide nanoparticles. In this method, dissolution of solvent-favourable and solvent-unfavourable polymer blocks in a corresponding solvent, results in the formation of micelles with favourable domains encapsulating the unfavourable domains, which form the core of the micelle. Interactions between the transition metal ions and the functional group of the solvent unfavourable block can be utilized to sequester metal ions by loading appropriate metal salts into the core of the micelles. Spin coating the above solutions on substrates and subsequent removal of polymeric materials using oxygen plasma leaves behind only metal/metal oxide nanoparticles. Synthesis of Au nanoparticles using the above method has been demonstrated [21, 22] .
In this paper, we first demonstrate the versatility of the block copolymer method to synthesize different transition metal nanoparticles including mono-metallic Fe [23, 24] , Co, Ni, Mo and bi-metallic Fe-Mo nanoparticles with uniform size and distance between the nanoparticles. Second, the ability of different size-controlled metal nanoparticles to catalyse single-walled nanotube (SWNT) growth is demonstrated. The diameters of the as grown nanotubes are slightly smaller compared to the initial size of the catalyst nanoparticles. The periodicity and the arrangement of nanoparticles were unaffected even at high growth temperatures, indicating that nanoparticle agglomeration on the SiO 2 /Si does not take place during growth. As a result, this method offers promise for the diameter-and position-controlled growth of carbon nanotubes. In addition, although Fe, Co and Ni have all been widely used as catalysts, there are not many investigations comparing their catalytic effect, i.e., which elemental catalyst is more effective under a certain set of synthesis conditions. This information is important for understanding the growth mechanism of SWNTs. In order to make reliable comparisons, it is not only necessary to have similar size distribution but also identical particle density on the substrates. The large uniform arrays of metal nanoparticles serve as an excellent tool to carry out such an investigation. The catalytic activities of monometallic nanoparticles using different carbon feed stock are presented. Since bi-metallic catalysts have been widely used to achieve a higher yield of SWNTs [16, 25] , Fe-Mo bi-metallic nanoparticles were synthesized using this method and their catalytic activity is also compared to those of Fe nanoparticles with similar size and identical density. • C. The metal salt loaded micellar solutions were then spin coated on the substrates at 1250 rpm for 1 min. Just prior to spin coating, the substrates were washed in acetone, ethanol and de-ionized water. The micellar films were then treated in oxygen plasma (300-350 mTorr, 5 min) (Harrick, Plasma Sterilizer, PDC-32G) to remove the polymer layer.
Experimental methods

Materials
Poly(styrene-b-4-vinyl pyridine) (PS-P4VP) (M n -PS-b-4VP:
Synthesis of carbon nanotubes
Ethanol CVD. Nanotubes were grown using ethanol in a thermal CVD at ambient pressure in a 1 inch diameter quartz tube with a 15 inch heating zone. Substrates with nanoparticles were heated from room temperature to the growth temperature (900
• C) in 12 min with a flow of argon (600 sccm) and hydrogen (440 sccm) gas mixture. Subsequently, nanotube growth was initiated by bubbling argon through ethanol and the growth was carried out for 10 min. Methane + Ethylene CVD. The experimental setup was the same as described above. The samples were heated from room temperature to the growth temperature (900
• C) in 12 min in a flow of argon (1000 sccm) and hydrogen (500 sccm) gas mixture. Nanotube growth was initiated by replacing the argon flow with a gas mixture of methane (1000 sccm) and ethylene (10 sccm), and nanotube growth was carried out for 10 min. Methane CVD. Growth conditions were similar to those for ethylene and methane CVD, except that the nanotube growth was initiated by replacing the argon flow with methane gas (1000 sccm) instead of the gas mixture.
Characterization of metal nanoparticles and their catalytic effect
Atomic force microscopy (AFM) studies were carried out using a Nanoscope IV (Digital Instruments) in the tapping mode under ambient conditions using silicon cantilever tips (radius of curvature ranging between 5 and 10 nm). Transmission electron microscopy (TEM) data was collected using a JEOL 2010, operating at 200 kV. Plan view TEM samples of metal nanoparticles on Si substrates were prepared as previously reported [26] . Energy dispersive spectroscopy (EDS) analysis was carried out on a JEOL 2010, using fine electron nanoprobes ranging from 5 and 25 nm as well as 1 μm probes. Scanning electron microscopy (SEM) analysis was performed on a JEOL FEG-SEM 6320 and Phillips XL30 SEM operated at voltages ranging between 1 and 5 kV. Xray photoelectron spectroscopy (XPS) was performed on a Kratos Axis 165 using a monochromatic Al Kα with photon energy of 1486.6 eV and giving an experimental resolution of 0.5 eV. Raman spectra were acquired on a custom-built optical microprobe using a laser excitation with ∼4 mW power and E laser = 1.92 eV (647 nm), which was obtained using a Krypton ion laser.
Results and discussion
Synthesis and characterization of mono-metallic nanoparticles
Polystyrene-poly4vinylpyridine (PS-P4VP) block copolymer forms micelles in toluene which are capable of self-organizing into ordered structures on substrates. Unlike P4VP, PS dissolves in toluene resulting in the formation of polar P4VP cores encapsulated in non-polar PS domains. Interactions between the transition metal ions and the pyridine group in the PVP core were utilized to sequester metal ions in the spherical domains (nanoreactors) to form monodisperse metal nanoclusters. Coordinate covalent bonds are formed as a result of the interaction between the lone pair of electrons associated with the nitrogen atom in the pyridine group and transition metals with partially filled d or f orbitals. Moreover, the type and stability of the so formed metal-pyridine complex (coordination compound) depends on the oxidation state of the transition metal atom.
Various transition metal salts including Fe, Co, Ni and Mo were loaded in the di-block copolymer micellar solutions which were later spin-coated on cleaned Si substrates. Spincoating of the metal loaded micellar solutions on substrates resulted in the quasi-hexagonal arrangement of a monolayer of micelles with P4VP cores encapsulated in PS domains. A representative AFM height image of a spin coated micellar film loaded with iron salt is shown in figure 1(a) . This quasiperiodic uniform arrangement of metal loaded micelles was maintained over the entire substrate, except at the edges of the substrate. The average distance between the micelles, as measured from AFM images is around 45 nm.
Subsequently, the spin coated micellar film samples were subjected to oxygen plasma treatment to remove the polymer from the micelles. To determine the actual size and the distance between the nanoparticles, TEM sample preparation of nanoparticles directly on Si substrates was carried out. TEM data of metal nanoparticles (S1, S2 and S3) on Si substrate provide accurate measurement regarding the size as well as the distance between the nanoparticles. Figures 1(b)-(d) show the plan view TEM images of various metal nanoparticles on the Si substrate. The observed non-uniformity in the thickness of the underlying silicon substrate seen in these images was a result of ion milling carried out during the TEM sample preparation. The average size of the nanoparticles for samples Fe (S1), Co (S2) and Ni (S3) were 2.5 ± 0.2 nm, 3.9 ± 0.3 nm and 3.8 ± 0.3 nm respectively, which demonstrates good control over the nanoparticles size. We believe that the difference in the size of the nanoparticles of Fe compared to the Co and Ni samples arises due to the following reasons: (1) the use of Fe(III) salt compared to Co(II) and Ni(II) salts for loading in the micelles (the type of coordinate covalent compound formed between the metal and pyridine block depends on the oxidation state of the metal atom [27] ), (2) Fe (NO 3 ) 3 is a nonahydrate salt compared to the hexahydrate salts of Co and Ni. Arrangement of nanoparticles in the form of quasi-hexagonal arrays was retained after oxygen plasma treatment, which can be clearly seen in the TEM images. The average distance between the nanoparticles for the Fe, Co and Ni samples was around 42-44 nm, which correlates with the initial distance between the polymer micelles. Additionally, a 2D fast Fourier transform (FFT) image ( figure 1(d) , lower inset) from an AFM image of Ni nanoparticles clearly shows the arrangement of Ni nanoparticles along a hexagonal lattice indicating ordered arrangement of the nanoparticles. These results confirm that the arrangement of polymer micelles plays a dominant role in defining the distance between the nanoparticles as well as the arrangement of nanoparticles. Figure 1 (e) is a typical high resolution TEM image from a Co sample showing the lattice fringes from the underlying substrate and the Co nanoparticles. The chemical nature of the samples was also confirmed from an EDS, mounted on the JEOL 2010 TEM. A representative EDS spectrum from sample S1 ( figure 1(f) ) confirms that the nanoparticles are made of Fe. The peaks from Si and Cu arise from the substrate and the TEM grid respectively. XPS spectra from the samples after oxygen plasma treatment reveal the chemical state of the nanoparticles. Figure 2 shows the high resolution XPS spectra of the characteristic peaks of different metals (Fe-2p 3/2 ; Co-2p 3/2 ; Ni-2p 3/2 ; Mo-3d 5/2 ) from samples S1, S2, S3 and S4, after oxygen plasma treatment. The presence of a Fe-2p 3/2 peak at 710.9 eV and a Mo-3d 5/2 peak at 229.5 eV indicates that Fe and Mo are present as Fe 2 O 3 and MoO 2 respectively [28] . The peaks corresponding to Co-2p 3/2 and Ni-2p 3/2 appear at 781.0 and 855.0 eV respectively, suggesting that they are also present in the form of their oxides [28, 29] . Satellite peaks in the high resolution spectra of the Fe, Co and Ni samples are characteristic of most transition metals and are usually known to arise from either multi-electron excitation (electron shakeup) or multiplet splitting [29, 30] .
To understand the effect of metal salt concentration on the size of the resulting nanoparticles, lower concentrations of metal salts were loaded in the polymer micelles: S5 (Fe), S6 (Co) and S7 (Ni). A typical AFM height image (2.5 ×
μm
2 ) of nickel oxide nanoparticles from sample S7 after oxygen plasma treatment is shown in figure 3(a) . The average height of the nanoparticles, as measured from AFM height images, for samples S5, S6 and S7 were around 1.1 ± 0.2 nm, 3.2 ± 0.3 nm and 1.9 ± 0.3 nm, respectively. The sizes of the Fe (S5), Co (S6) and Ni (S7) nanoparticles reduced in size in comparison to Fe (S1), Co (S2) and Ni (S3) respectively. However, the decrease in the size of nanoparticles from sample S6 was lower compared to those from samples S5 and S7. This result suggests that it is possible to manipulate the size of the nanoparticles to a certain extent by carefully tuning the amount of metal salt that is being loaded in the polymer micelle.
Catalytic effect of mono-metallic nanoparticles
Carbon nanotubes were grown from samples S5-S7 using ethanol CVD and CVD with a mixture of ethylene and methane gases in separate new quartz tubes to prevent any catalyst cross-contamination [31] . AFM height images and corresponding cross-sectional images of nanotubes grown using ethanol CVD from samples S5, S6 and S7 are shown in figures 3(b)-(d). All the AFM height images are 2.5 × 0.94 μm 2 . These images clearly reveal the growth of nanotubes initiating from individual catalyst particles. The periodicity of nanoparticles is retained even after the nanotube growth, indicating that agglomeration of nanoparticles does not take place even when the growths last for 10-15 min at high temperatures (∼900
• C). Moreover, the retention in periodicity also suggests that the nanotube growth from these catalyst particles proceeds via the base-growth mechanism. The average diameters of the nanotubes grown from samples Fe (S5), Co (S6) and Ni (S7) using ethanol CVD are around 1, 1.9 and 1.8 nm respectively, which are a little smaller compared to the initial size of the catalyst. We believe this is due to the reduction of metal oxide nanoparticles while heating the samples in hydrogen gas.
SEM data of nanotubes grown from samples S5-S7 using methane + ethylene CVD and ethanol CVD not only provide a clear comparison of the yield of nanotubes grown from different mono-metallic nanoparticles under identical growth conditions, but also reveal a difference in their catalytic activity while using different carbon feed stock. Figures 3(e) -(g) are representative SEM images of nanotubes grown from samples Fe (S5), Co (S6) and Ni (S7) respectively using ethanol CVD. Corresponding images of nanotubes grown from methane + ethylene CVD are shown in figures 3(h)-(j). The scale bars in all the images are 1 μm. The catalytic activity of these mono-metallic nanoparticles are high both in ethanol CVD as well as methane + ethylene CVD. Our result is different from that of a previous report [32] where the SWNT yield for Fe (Co) catalysts was much higher for ethylene (ethanol) CVD, implying a different growth mechanism based on the carbon source. However, in our case, consistently higher yields were observed for Fe, Co and Ni nanoparticles irrespective of the carbon source. Moreover, as can be seen from the SEM images in figure 3 , under identical growth conditions and with a similar density of nanoparticles on the substrate, the yield of nanotubes grown from Co and Ni nanoparticles were higher than that of Fe nanoparticles.
Resonant Raman spectra were collected to characterize the quality of the SWNTs. Typical spectra of nanotubes grown from samples S5-S7 using ethanol CVD are shown in figure 4 . The peak marked by an asterisk at 303 arises from the Si/SiO 2 substrates [33] . The peaks in the low frequency region in the spectrum between 100 and 400 cm −1 correspond to the radial breathing modes (RBM) [34] . RBM peaks are characteristic signatures of nanotubes with a single wall as well as of nanotubes with few walls (the diameter of the innermost tube should be less than 2 nm). The presence of RBM peaks indicates that the nanotubes either have a single wall or few walls. The peak centred around 1588 cm −1 corresponds to the G-band which is related to the in-plane vibrational modes of the graphite structures [34] . The D-band is a disorder-induced Raman mode and the intensity of this peak correlates to either the defect density or the presence of amorphous carbon. The absence of D-band in samples S5-S7 indicates the high quality of as grown carbon nanotubes.
Synthesis, characterization and catalytic activity of Fe-Mo bi-metallic nanoparticles
Bi-metallic nanoparticles have been used as catalysts to optimize the yield of nanotubes, and Mo is one of the materials most commonly used as a co-catalyst [16, 25] . It is well known that Mo is used as a catalyst for the conversion of methane to benzene as it helps in the decomposition of hydrocarbon molecules [35, 36] . Therefore, the presence of Mo as a co-catalyst may enhance the nanotube yield. The block copolymer micellar method provides a facile way for the 
Conclusions
In summary, large uniform arrays of mono-and bi-metallic nanoparticles with uniform size and distance between the nanoparticles have been synthesized using block copolymer micellar templates. Additionally, it is also possible to control their size to a certain degree, by adjusting the loading ratio between the metal salt and the favourable block of the polymer micelle, such as the P4VP in this case. The ability of different size-controlled metal nanoparticles to catalyse high quality SWNT growth with nanotube diameters slightly smaller than the initial size of the catalyst nanoparticles is demonstrated. The periodicity and the arrangement of the nanoparticles were unaffected even at higher growth temperatures, indicating that agglomeration of nanoparticles does not take place at high temperature. Our results confirm that Fe, Co and Ni nanoparticles all serve as efficient catalysts for SWNT growth for both ethanol as well as hydrocarbon CVD. Systematic investigations comparing the catalytic activity of Fe and bimetallic Fe-Mo nanoparticles with similar size and identical densities for nanotube growth are reported for the first time.
The block copolymer micellar method is a simple and versatile method that provides a facile route for the synthesis of a large variety of different mono-and bi-metallic nanoparticles with uniform size which can be easily patterned on substrates with controlled spacing, thus enabling simultaneous control over the diameter as well as the position of as grown nanotubes. It also serves as an excellent tool to investigate the catalytic effect of different metal/metal oxide nanoparticles for the growth of carbon nanotubes and inorganic semiconducting nanowires.
